ABSTRACT: Africa horse sickness (AHS) is a lethal disease of horses with a seasonal occurrence that is influenced by environmental conditions that favor the development of Culicoides midges (Diptera: Ceratopogonidae). This study compared and evaluated the relationship of various modeled climatic variables with the distribution and abundance of AHS in South Africa and Namibia. A comprehensive literature review of the historical AHS reported data collected from the Windhoek archives as well as annual reports from the Directorate of Veterinary services in Namibia were conducted. South African AHS reported data were collected from the South African Department of Agriculture, Forestry, and Fisheries. Daily climatic data were extracted for the time period 1993-2011 from the ERA-interim re-analysis dataset. The principal component analysis of the complete dataset indicated a significant statistical difference between Namibia and South Africa for the various climate variables and the outbreaks of AHS. The most influential parameters in the distribution of AHS included humidity, precipitation, evaporation, and minimum temperature. In South Africa, temperature had the most significant effect on the outbreaks of AHS, whereas in Namibia, humidity and precipitation were the main drivers. The maximum AHS cases in South Africa occurred at temperatures of 20-22° C and relative humidity between 50-70%. Furthermore, anthropogenic effects must be taken into account when trying to understand the distribution of AHS. Journal of Vector Ecology 40 (2): 333-341. 2015.
INTRODUCTION
African horse sickness virus (AHSV), an orbivirus that is usually transmitted by adult female Culicoides midges (Diptera: Ceratopogonidae), is considered to be restricted to certain species in the genus. AHS is endemic to sub-Saharan Africa with outbreaks particularly frequent and severe in South Africa (Baylis et al. 1999a) and Namibia (Schneider 1994) and causes considerable losses to the equestrian industry. It is considered one of the most lethal horse diseases with mortality rates exceeding 80% in susceptible animals and, accordingly, it has been declared notifiable by the Office International des Epizooties (OIE). Outbreaks have occurred in Morocco, the Middle East, and in Europe, resulting in significant losses in the equine industry (Mellor and Hamblin 2004) .
Zebra are considered to be the natural vertebrate hosts but rarely display clinical symptoms of AHSV (Mellor and Hamblin 2004) . The Hartmann's mountain zebra, with its Culicoides vector, was implicated as a possible cycling host of AHSV in the southwestern Khomas Region, Namibia (Potchefstroom, NWU, MSc Dissertation). The host spectrum of AHSV is known to include mammals other than equids such as camels and bovids (Coetzer and Guthrie 2004) . However, the role of these hosts (susceptible and non-susceptible) is not well understood and their role in the epidemiology of a disease cannot be disregarded (Lo lacono et al. 2014 ).
The biting midges C. imicola and C. bolitinos are the recognized principal vectors of AHS in southern Africa (Baylis et al. 1999a) . C. imicola is by far the most important vector due to its abundance around livestock and extensive distribution range. C. imicola is known to feed on a variety of domesticated livestock (Meiswinkel et al. 2004) . Research on climate change has linked anthropogenic activities to the distribution and occurrence of vector-borne diseases (Sutherst 2004) . Previous studies in Namibia indicate that homesteads generally support a greater abundance of Culicoides midges creating favorable "islands" that support their development (Becker et al. 2013) . The influence of anthropogenic activities are closely linked to animal husbandry practices. C. imicola can become abundant where livestock are kept on irrigated pastures (Baylis et al. 1999a) and in habitats such as those found adjacent to leaking water troughs and along pond margins contaminated with animal manure (Foxi and Delrio 2010) . A recent study by Becker et al. (2013) highlights the importance of irrigation in the occurrence of C. imicola in arid regions. The use of the commercially available, live-attenuated vaccine can also have an influence on the distribution and occurrence of AHS outbreaks. There is no information available on the possibility of whether Culicoides midges could acquire AHSV from a horse vaccinated with the live vaccine and the reversion of virulence of the vaccine virus strains. The probability of AHSV transmission by Culicoides spp. is a function of various biological interactions, of which climatic variables play an important role (Carpenter et al. 2011) . With climate change, there is a possibility of vectors spreading further north and also a potential increase in the vector capacity of northern Culicoides populations (Purse et al. 2015) . Climate can influence vector capacity of a Culicoides population through both changes in the overall size of the adult population and in the proportion within the population that is capable of transmitting the virus (Wittmann and Baylis 2000) . Climatic variables are interactive and affect the occurrence of outbreaks of AHS either directly, through temperature, or indirectly through their influence on developmental habitat formation.
C. imicola occur in regions of Africa where rainfall varies between 300-700 mm (Meiswinkel et al. 2004) . Major outbreaks of AHS in South Africa are strongly associated with heavy rains, preceded by droughts (Baylis et al. 1999b ). These weather patterns are more common during the El Niño phase of the El Niño -Southern Oscillation (ENSO) (Baylis et al. 1999b ). The abundance of C. imicola is directly related to the amount of rainfall in the preceding month (Meiswinkel et al. 2004) . C. imicola numbers increases more than 200-fold during above-average seasons and comprise more than 90% of collected catches with totals reaching more than 10 6 individuals per light trap collection (Meiswinkel et al. 2004) . C. imicola is found in wet, organically enriched soil or muddy habitats devoid of surface water. Water content in the soil is one of the most important factors in determining habitat suitability for larval development (Foxi and Delrio 2010) . On clay soils, intermittent rain (or irrigation) is sufficient to keep the soil saturated for longer periods, and so enables C. imicola to become abundant (Meiswinkel et al. 2004) .
Ambient temperature and relative humidity are the driving factors for immature vector developmental rates, ultimately influencing adult population size (Wittmann and Baylis 2000) . Low temperatures tend to be more significant than higher temperatures as distribution determinants (Verhoef et al. 2014) . High temperatures and relative humidity affect adult longevity and adults are particularly susceptible to desiccation due to their small size (Wittmann et al. 2002) . Ambient temperature also affects the rate at which AHSV is able to replicate to transmissible levels following ingestion (Carpenter et al. 2011) . AHSV is unable to develop in Culicoides midges at temperatures below 15º C (Carpenter et al. 2011 ), but it may persist in the vector at undetectable levels (Mellor et al. 2000) . Culicoides midges can disperse with air currents for distances up to 700 km at heights up to 1.5 km (Sellers 1980 , Meiswinkel et al. 2004 . This was considered the method by which bluetongue was being distributed across countries around the Mediterranean Sea (Coetzer and Guthrie 2004) . Furthermore, negative correlations have been reported between adult activity and wind speed. Almost all Culicoides midge activity is supressed at wind speeds greater than 3 m/s due to their small size (Mellor et al. 2000) .
The sheer pattern of AHS occurrence across different countries makes it difficult to predict the disease prevalence (Mellor et al. 2000) . In order to identify risk periods for AHS transmission and to enable more effective targeting of control measures, it is essential to have a better understanding of the relationship between climatic variables, ecology of Culicoides, and virus transmission (Mellor et al. 2000, Mellor and Hamblin 2004) .
The aim of this study was to compare and evaluate the relationship of various climatic variables with the geographical distribution and abundance of AHS in South Africa and Namibia. Specific objectives were to assess the distribution of AHS in South Africa and Namibia from 1993 to 2011, compare the relationship of modeled climatic variables with the distribution and abundance of AHS between South Africa and Namibia on a country and province/district level, and systematically evaluate the importance of modeled climatic variables contributing to the distribution of AHS.
MATERIALS AND METHODS

Study area
There is a significant relationship between the occurrence of Culicoides midges and climate zones as described by the Köppen-Geiger climate classification system (Brugger and Rubel 2013) . This study was conducted in South Africa and Namibia. Data was analyzed at a regional scale, that is per province in South Africa or district in Namibia. According to this classification system (Kottek et al. 2006 ), South Africa is classified as a warm temperate country with warm summers and mild winters with a moisture gradient from east to west (Peel et al. 2007) . Namibia is classified as a dry (arid) country where potential evaporation and transpiration exceeds precipitation. The variability in climate types is less in Namibia than in South Africa (Peel et al. 2007 ).
Historical reported data of African horse sickness
A comprehensive literature review of the historical AHS reported data collected from the Windhoek archives as well as annual reports from the Directorate of Veterinary services in Namibia was conducted (Annual reports 1993-2011, Division of Veterinary Services, Namibia). South African AHS reported data was collected from the South African Department of Agriculture, Forestry, and Fisheries as published in the annual reports 1993-2011. Historical AHS reported data for both countries were extracted for the period 1993-2011 from the annual veterinary reports. The average reported AHS cases per annum were calculated for each district/province. Namibian data for 2002, 2003, and 2007 were found to be descriptive and therefore tagged as missing. Under-reporting needs to be taken into consideration, as it was stated in several reports that unreported cases were suspected. Nevertheless, the same sources used by Baylis et al. (1999b) in successfully establishing the relationship of ENSO with the occurrence of outbreaks of AHS were used in this study to investigate the historical patterns of AHS. The influence of other hosts (susceptible and non-susceptible) and the use of the OBP vaccine, which can also play a role in the occurrence of outbreaks of AHS, were not included in the analyses.
Climate data
Because measured climate data are sparse in South Africa and Namibia, it was decided to utilize modeled data for this analysis. Although AHS cannot be linked to a single parameter, climate data were the only available long term historical parameter. European Reanalysis (ERA-Interim) data were used for correlations with the historical AHS data. ERA-Interim reanalysis data are global atmospheric reanalysis 0.75°x0.75° (T255) Gaussian gridded climatic data that included a large variety of six hourly surface parameters describing climate (Dee et al. 2011) . Daily data were extracted for the period 1993-2011 for Namibia and South Africa. The gridded data were averaged per district/province per year as well as per month to calculate relationships with the AHS dataset. Climatic parameters included temperature, soil temperature, atmospheric pressure, relative humidity (calculated from temperature and dew point), dew point temperature, wind speed (calculated from U and V wind components at 10 m), evaporation, precipitation, minimum temperature, and cloud cover.
Statistical analysis
Historical AHS occurrence of outbreaks data as reported in annual reports were analyzed to determine statistical significant differences in horse mortality due to AHS between countries and districts/provinces using chi-square contingency analysis. The problem with converting data to percentages or only averaging the data is that the sample size is ignored and therefore distorts the results. With chi-square contingency analysis, we could determine an expected value of AHS outbreaks relative to the national AHS incidence. It also allows us to determine the significant differences between the countries and districts/provinces. Horse census data as published in the annual agricultural and veterinary reports were used. According to the most recent Multivariate statistical analyses were performed in STATISTICA (STATISTICA 12) (StatSoft Inc. 2014) and CANOCO (CANOCO for Windows 4.5) to investigate the relationship between different modeled climatic factors and the occurrence of outbreaks of AHS using a principal component analysis (PCA) multivariate ordination technique. This is an unconstrained method that searches for any variable that best explains the distribution of the data (Lepš and Šmilauer 2003) . Data were centered and standardized by factors. The Kruskal Wallis test was performed to determine statistical significant differences regarding the effect of modeled climate variables on the distribution of AHS between the two countries. A PCA was first performed for the dataset as a whole (South Africa and Namibia). Thereafter, a PCA was done per country on a province/district level. Relationships were observed in the PCA that needed further clarification. The following analyses were performed that best suited the data: temperature and relative humidity -hierarchal linear modelling, and for the influence of anthropogenic activities, an artificial neural network (ANN) analysis.
Hierarchical linear modelling was performed in SPSS (IBM SPSS Statistics for Windows, Version 22.0 2013) (Singer 1998 ) on the monthly modeled temperature and humidity data of South Africa. Monthly AHS reported data for Namibia was not available and therefore the analysis was not performed on the Namibian dataset. Provinces were set as primary units of measurement with temperature and relative humidity divided into categories as fixed factors (Table 1) and AHS outbreaks as the dependent variable.
The influence of anthropogenic activities on AHS distribution
Anthropogenic activities have been implicated in various studies as having an influence on the distribution of vector-borne diseases (Sutherst 2004) . These anthropogenic activities can be quantified by including human population size (number of humans per province) and density (humans/ km 2 ) in the analysis. Higher human population densities and urbanization have a profound effect on the transmission potential of diseases in particular areas (Suthurst 2004). Artificial neural network (ANN) analysis, Forecaster XL (Alyuda Research LLC 2012) was used to evaluate the importance of modeled climatic factors and anthropogenic activities on the occurrence of AHS outbreaks. ANN was chosen due to its ability to map non-linear relationships and to accommodate unknown relationships between variables (Eksteen and Breetzke 2011). Annual average South African historical AHS reported data together with the annual averaged ERA-Interim reanalysis climate data were used for the analysis. Only three years of census data for horses and humans were available for South Africa. No census data were available for Namibia and therefore this analysis was not done for the Namibian dataset. Parameters included: Density Humans -humans per square km; Humans -number of humans per province; Density Horses -horses per square km; Horses -number of horses per province; Min Temp -minimum temperature; VSWL -volumetric soil water layer; Precip-precipitation; Winds -wind speed; Evapevaporation; Temp -temperature.
RESULTS
Distribution of AHS cases in Namibia and South Africa are shown in Table 2 . Distribution was categorized into three groups according to the Chi-square values 1) high incidence, 2) medium incidence, and 3) low incidence areas. The highest incidence in SA occurred in Eastern Cape followed by KwaZulu-Natal and Gauteng provinces. In Namibia, Gobabis was the district with the highest incidence of AHS and then Grootfontein, Okahandja, Walvisbay, and Omaruru. A PCA of the complete dataset is shown in Figure 1 . This indicated a significant statistical difference between Namibia and South Africa regarding the grouping between the various modeled climate variables and the occurrence of outbreaks of AHS. The Kruskal Wallis test indicated a significant statistical difference among modeled climatic parameters for the two countries with p <0.05.
A PCA was done separately for each country to evaluate if difference could be detected given the difference in climate classification between the two countries. The PCA for Namibia per district (Figure 2 ) demonstrates a grouping of modeled climatic variables and AHS outbreaks in Okahandja, Gobabis, and Grootfontein. Although Windhoek and Walvisbay are, respectively, medium and high incidence areas, these two districts do not group with modeled climatic parameters that have an influence on the disease distribution. The most significant modeled parameters driving the distribution of AHS were: humidity (0.967), precipitation (0.922), volumetric soil water layer (0.906), evaporation (-0.906), minimum temperature (0.753), and wind speed (0.718).
The PCA for South Africa per province (Figure 3 ) indicated a grouping of modeled climatic parameters and AHS outbreaks in the Western Cape and Eastern Cape with temperature, minimum temperature, precipitation, and volumetric soil water layer. In contrast, no grouping is demonstrated with any modeled climatic variables and AHS in Gauteng and KwaZulu-Natal. The most significant modeled parameters driving the distribution of AHS were minimum temperature (0.930), humidity (0.905), precipitation (0.873), volumetric soil water layer (0.844), and evaporation (-0.907), which were significantly negatively correlated.
The hierarchical linear modelling in Table 3 of the monthly South African data indicates a pattern of AHS outbreaks driven by the relationship between modeled temperature and humidity factors. The temperature range within which most of the AHS cases occurred during the 19-year period was between 20 and 26° C. The maximum AHS cases were reported in category 2 with temperature (20-22° C) in relationship with humidity between 50-70% (Table 3 ).
An ANN analysis for South African data to determine the effects of various parameters on the occurrence of outbreaks of AHS was conducted. The analysis had a prediction accuracy of 55%. Results from the three years of available data in South Africa (Figure 4 ) indicated that the parameter with the greatest influence on AHS incidence was temperature, followed by human population (number of humans per province), and thereafter horse population (number of horses per province) and precipitation. Table 2 . Chi-square vales and average values of AHS occurrence in South Africa and Namibia from 1993-2011 to illustrate the distribution of AHS across provinces/districts. Provinces/districts are listed from the highest incidence to the lowest with the different shaded rows of grey indicating the different incidence groups 1) high incidence, 2) medium incidence, and 3) low incidence. 
DISCUSSION
The pattern of AHS distribution in Namibia and South Africa was thought to coincide with similar climatic parameters acting as drivers for AHS outbreaks. However, this seemed not to be the case with a diverse split between the countries in the occurrence of outbreaks of AHS and modeled climatic parameters. Namibia has a lower humidity, minimum temperature, soil water content, precipitation, and higher wind speed and evaporation rate than in South Africa. This corresponds with previous studies (Baylis et al. 1999b , Mellor et al. 2000 , all having an influence on the occurrence of Culicoides midges and contributing to the lower incidence of AHS in Namibia. It is not so much that the climatic drivers differ between the countries, but that the combination of the drivers have a different influence on the occurrence of outbreaks of AHS. The highest incidence of AHS during the 19-year period in South Africa occurred in the Eastern Cape Province and the Gobabis district in Namibia. On a provincial and district level, the following provinces/ districts grouped with some modeled climatic variables: South Africa -Eastern Cape and Western Cape and Namibia -Okahandja, Gobabis and Grootfontein. The incidence of AHS in these regions could be attributed to favorable climatic conditions for Culicoides midges as described in the introduction. Precipitation, humidity, and temperature were implicated as the main drivers of AHS outbreaks. In South Africa, temperature had the most significant effect on the occurrence of outbreaks of AHS, whereas in Namibia, humidity and precipitation were the main drivers. It is important to take note that very few studies define ranges of precipitation, temperature, and humidity in which Culicoides is active. This is due to the difficulty of establishing a Culicoides colony for ecological studies in the laboratory (Carpenter et al. 2011) . Precipitation was more influential in Namibia than in South Africa. This can be due to the aridity of the country and therefore precipitation events might be the initial trigger for outbreaks. This relationship was observed in a study in Sudan where the seasonality of C. imicola was more related to the timing of the rainy season than the temperature (Mellor et al. 2000) . More detailed data on AHS outbreaks on a larger scale would be necessary to determine the exact pattern of the occurrence of outbreaks of AHS in Namibia. Monthly data from South Africa indicated a relationship between AHS outbreaks, humidity, and temperature. This relationship is supported by laboratory results as reported by Wittmann et al. (2002) . Low humidity (40%) and low temperatures (15° C), as well as high temperatures (30° C) and high humidity (85%), are unfavorable for the survival rates of midges (Wittmann et al. 2002) . This relationship is also seen in the analysis of AHS outbreaks across the 19-year study. AHS incidence was low at low temperatures (<20°C) and low humidity (<40%) as well as high temperature (>26° C) and high humidity (>60%). The highest AHS incidence was estimated with temperatures between 20 to 22° C in correlation with humidity between 50-70% (Table 3) .
Results from the PCA per country on district and provincial level suggest that there are other factors, besides climatic factors, contributing to the distribution of AHS in South Africa and Namibia. The probability that AHS outbreaks in provinces such as Gauteng and Kwa-Zulu Natal could be due to increased anthropogenic activities is supported by the ANN. The ANN application on the South African data showed that temperature are the greatest contributing factor (22.4%) with anthropogenic activities (amount of humans per province) having the second highest influence (15.7%) on the occurrence of AHS. There may be a threshold where anthropogenic influences become greater on the occurrence and distribution of AHS than climatic variables. However, the influence of other factors that were not analyzed, such as non-susceptible hosts and the effect of the use of the vaccine, cannot be disregarded.
Results from this study using modeled climate data indicate the distribution patterns of AHS outbreaks in South Africa and Namibia. The most significant modeled climatic parameters influencing AHS outbreaks were humidity, temperature, soil water content, precipitation, and evaporation. Precipitation had the most significant effect in Namibia and temperature in South Africa on the occurrence of outbreaks of AHS. Namibia showed a lower incidence of AHS than South Africa due to the climate not being as favorable for the development of Culicoides midges and their survival. For South Africa, temperature and humidity ranges of AHS outbreaks were determined. Furthermore it was found that the anthropogenic effects must be taken into account when trying to understand the distribution of AHS.
